A B S T R A C T To determine directly the driving forces for bile acid entry into the hepatocyte, the uptake of [3H]taurocholic acid into rat liver plasma membrane vesicles was studied. The membrane preparation contained predominantly right-side-out vesicles, and was highly enriched in plasma membrane marker enzymes.
INTRODUCTION
Bile acids, the major organic solutes in bile, undergo an extensive enterohepatic circulation that involves a series of transport steps in both liver and intestine (1) . Uptake of bile acid anions from sinusoidal blood into the hepatocyte involves movement against both a 10-50-fold chemical gradient (2) (3) (4) and an unfavorable electrical gradient (transmembrane potential -30 to -40 mV) (5) . Because bile acids are major choleretic substances and determine the biliary excretion of phospholipid and cholesterol, the driving forces controlling these transport steps (hepatic uptake, intracellular transport, and canalicular excretion) are critical to the formation of bile, as well as to the maintenance of the integrity of the enterohepatic circulation.
Previous studies in the intact dog (6) suggest that a saturable, carrier-mediated transport system exists for bile acid uptake from portal blood into the hepatocyte. Hepatic uptake of the bile acid, taurocholate, is sodium dependent in the isolated perfused rat liver (7) and in isolated rat hepatocytes (8, 9) . However, these experimental approaches do not clearly separate sinusoidal membrane events from intracellular processes, e.g., metabolism and protein binding. In addition, they do not differentiate between sodium dependence due to a direct sodium-coupled carrier and rheogenic potential-driven uptake or double ion exchange (e.g., Na+-H+ and OH--anion-), as has been suggested for some sodium-dependent transport systems in epithelia (10) .
For these reasons, we used plasma membrane vesicles prepared from rat liver to better define the driving forces for hepatic bile acid uptake. Plasma membrane vesicles are a valuable technique for elucidation of transport mechanisms in epithelia, since they eliminate the problems of intracellular metabolism and permit direct analysis of driving forces. Similar techniques have recently been used to study hepatic amino acid transport (11) (12) (13) .
The aims of the present study were to: (a) prepare and characterize a vesicle preparation from liver plasma membranes; (b) determine the driving forces for taurocholate uptake into these vesicles by analysis of the effects of cation gradients, pH gradients, and induced electrical potentials on uptake; and (c) define the kinetics of sodium-dependent and independent taurocholate transport into these vesicles. A preliminary report of this work has appeared in abstract form (14) .
METHODS
Animals. Male albino Sprague-Dawley rats (Charles River Breeding Laboratories, Wilmington, MA) weighing 175-235 g were used for all preparations. The animals had free access to water, were fed Purina rodent chow ad lib. (Ralston Purina Co., St. Louis, MO) and housed in a constant temperature-humidity-controlled room with 12-h light-dark cycles. Nonfasted animals were killed by decapitation between 8 and 9 a.m.
Membrane preparation. Liver plasma membranes were isolated by a modification of the discontinuous sucrose gradient methods of Song et al. (15) and Boyer and Reno (16) . After decapitation, the livers from three to four animals were rapidly removed, chilled on ice, and weighed. 30 g of liver were divided into 5-g portions, minced, rinsed with 1 mM NaHCO3 buffer (pH 7.4) , and homogenized with 7 up-anddown strokes in 40 ml of 1 mM NaHCO3 buffer in a loosefitting Dounce homogenizer (Kontes Glass Co., Vineland, NJ). The homogenates were combined, further diluted with NaHCO3 buffer to a final volume of 870 ml, filtered twice through 60-gauge cheesecloth, and centrifuged in a Sorvall RC-5B centrifuge (GSA rotor) at 1,500 g for 10 min (Du Pont Co., Instruments Product Div., Sorvell Biomedical Div., Wilmington, DE). The resulting nuclear pellet containing the plasma membranes was resuspended in 5.5 vol of density-1.26 sucrose to yield a final density of 1.22. 16 ml of this suspension was overlayered with 6 and 4.5 ml of density 1.18 and 1.16 sucrose, respectively, and centrifuged in a fixed angle rotor (Spinco 30, Beckman Instruments, Inc., Palo Alto, CA) at 66,000 g for 60 min at 4°C in a Beckman L5-65 ultracentrifuge. Plasma membranes recovered from the density 1.18-1.16 interface were washed with 4-5 vol of 1 mM NaHCO3 at 2,900 g for 10 min. The pellet was washed again in 5 vol of 1 mM NaHCO3 at 11,700 g for 10 min at 4°C. The final pellet was resuspended in 1 mM NaHCO3 buffer for enzyme analysis or in membrane suspension media (300 mM sucrose, 10 mM Hepes/KOH (pH 7.5), 10 mM MgSO4, 0.2 mM CaCl2) for vesicle transport studies (1.5-4 mg protein/ml) and vesiculated by homogenization with 30 up-anddown strokes in a 7.5-ml capacity tight-fitting Dounce homogenizer (Kontes Glass Co.), followed by passage through a 27-gauge needle three times.
Electron microscopy. Membranes were fixed in 1.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2, for 1.5 h at 4°C and then pelleted at 27,000 g in a SW 50.1 rotor for 15 min. After postfixation in 1% osmium tetroxide, specimens were stained en bloc with 0.5% uranyl acetate in 0.15 M NaCl, dehydrated in graded ethanol solutions, and embedded in Spurr's medium. Ultrathin sections were cut with a diamond knife on an Ultracut microtome (American Optical Corp., Southbridge, MA), stained with uranyl acetate and lead citrate, and examined with a Zeiss 10 B electron microscope (Carl Zeiss, Inc., New York).
The specimens for freeze-fracture were fixed in 1% glutaraldehyde cryoprotected with glycerol to a final concentration of 25% (vol/vol) for 1-1.5 h at 4°C and frozen in Freon 22 cooled by liquid nitrogen at its melting point, and then stored in liquid nitrogen. The specimens were fractured in a Balzers freeze etch unit, BAF301 (Balzers High Vacuum, Balzers, Hudson, NH) at -130°C stage temperature in a vacuum of at least 10-6 torr. Immediately after fracturing, a 250-A thickness of platinum was shadowed at an angle of 450 and the specimen was coated with a 50-A thickness of carbon. Another 150-A-thick layer of carbon was applied at -40°C to give a strong replica. After cleansing in hypochlorite solution overnight, the replicas were washed with distilled water and examined with a Carl Zeiss, Inc., 10B transmission electron microscope. The orientation of the vesicles was assessed by analysis of the particle density of the fracture faces as previously described (17, 18) .
Marker enzyme assays. All assays were performed on membrane preparations stored overnight at 4°C. The mitochondrial and microsomal markers, NADH (20) . Alkaline phosphatase (EC 3.1.3.1) was determined as previously described (21) . Protein was determined by the method of Lowry et al. (22) (24) . The kinetic data were analyzed on a Northstar Horizon Minicomputer (Northstar Computers, Inc., Berkeley, CA) using a program that performed a nonlinear weighted last-squares fit of the individual data points to a rectangular hyperbola (25) .
RESULTS
Electron microscopy. Examination of the final membrane preparation by transmission electron microscopy demonstrated a predominantly vesicular morphology ( and occasional intact canaliculi were also seen. Analysis of membrane particle density by freeze-fracture electron microscopy revealed that the majority of the vesicles were oriented as in the intact cell (right-sideout) ( Fig. 2 and Table I ), confirming the findings of Sips et al. (26) .
Marker enzymes. The specific activities for the plasma membrane and subcellular organelle marker enzymes (Table II) show that this preparation is significantly enriched in all of the plasma membrane markers tested, with relatively more enrichment of the basolateral (sinusoidal) marker Na+,K+-ATPase than the apical (canalicular) markers Mg2+-ATPase, or alkaline phosphatase. There was no enrichment in mitochondrial or microsomal enzyme markers.
Demonstration of vesicle uptake. To distinguish between binding to the membrane and uptake into the vesicles, the equilibrium uptake of taurocholate was determined under conditions in which the intravesicular volume was altered osmotically. Total uptake at equilibrium ( Fig. 3 ) was proportional to the reciprocal of the osmolarity of the incubation solution, indicating transport into an osmotically sensitive space. Extrapolation of the regression line back to the ordinate (theoretical zero intravesicular volume) demonstrates that binding accounts for at least 50% of the equilibrium uptake under isotonic conditions.
The degree of binding was also assessed by hypotonic lysis. Washing the filters with deionized water rather than with the usual isotonic stop solution decreased the mean uptake from 10.5±1.8 to 4.4±1. 4 pmol/mg, suggesting that at least 42% of the measured uptake is due to binding, a finding consistent with estimates obtained from the osmotic data.
By osmotic methods (data not shown), binding was estimated to account for 20% of total [3H]L-alanine uptake. From their respective equilibrium uptakes, the calculated apparent intravesicular volumes were 0.8 and 8-12 ,l/mg protein, respectively, for L-alanine and taurocholate. These data indicate that the degree of binding is significantly greater for taurocholate than for alanine and suggest that the osmotic methods may underestimate the degree of binding of taurocholate.
When the intravesicular contents were assessed by thin-layer chromatography (see Methods), 96% Fig. 4 . The presence of an inwardly directed 100-mM NaCl gradient (extravesicular > intravesicular) produced a rapid initial rate of uptake, with a maximal accumulation occurring at 45 s, followed by a slow decline as tau- rocholate effluxed from the vesicles, reaching equilibrium by 30 min. The transient accumulation of taurocholate at a concentration twice that at equilibrium (overshoot) directly demonstrates that a NaCl gradient is capable of driving taurocholate into the vesicles against a concentration gradient. In contrast, the presence of an inwardly directed KC1 gradient gave a fivefold slower initial rate of uptake (5 s) and no overshoot was observed. Uptake in the presence of inwardly directed LiCl or choline Cl gradients (Table III) was similar to that seen in the presence of a KC1 gradient. The initial rate of taurocholate uptake under Na+-equilibrated conditions ([Na+] inside the vesicles = [Na+] in the incubation solution) (Fig. 4) was much slower than under Na+ gradient conditions, and an overshoot was not observed. These data indicate that a Na+ gradient is specifically required for uphill transport of taurocholate. Furthermore, the specific requirement for sodium indicates that cation diffusion potentials are not significant driving forces for taurocholate uptake.
Uptake of taurocholate as a function of sodium concentration was studied (Fig. 5) . The rate of uptake of taurocholate increased with increasing concentrations of Na+ up to 100 mM, suggesting that the Na+-dependent transport system was then saturated (Michaelis constant [Km] for Na+ = 16±5 mM).
Effect of temperature. The initial rates of taurocholate uptake were significantly faster at 250, 300, and 37°C than at either 150 or 4°C. Maximal overshoots were obtained at 25°C. At 4°C, the transport of taurocholate into the vesicles was much slower, and the uptake did not reach equilibrium by 30 min. These data demonstrate temperature dependence of the uptake process.
Specificity of uptake. The specificity of taurocholate uptake was examined by the addition of various unlabeled compounds to the incubation media (Table  IV) . Each of the three bile salts tested (chenodeoxycholate, cholate, glycocholate) inhibited the initial rate of [3H]taurocholate uptake in the presence of a NaCl gradient but not in the presence of a KC1 gradient, indicating an inhibition of only the sodium-dependent portion of uptake. BSP, an organic anion whose uptake is not sodium dependent (27) , inhibited both the sodium-dependent and sodium-independent uptake of taurocholate. No significant inhibition was observed with the addition of D-glucose. ; +w_gti% 'sg''to b o S # e * #w 0 >'nm FIGURE 2 Freeze-fracture electron micrograph of liver plasma membrane preparation illustrated in Fig. 1 . Right-side-out (RSO) and inside-out (ISO) vesicles are identified according to particle density and curvature (17, 18) . The fracture faces belonging to the inner half of the membrane bilayer (P-face) and outer half of the membrane bilayer (E-face) were found to have high and low particle densities respectively for basolateral and canalicular membrane surfaces in the intact hepatocyte. Convex fracture faces with high particle density and concave fracture faces with low particle density were assumed to be RSO vesicles, and the converse to represent ISO vesicles.
Effect of pH gradients. To determine whether the observed Na+ dependence of uphill taurocholate transport was due to a double ion exchange mechanism (e.g., Na+-H+ exchange and OH--taurocholate exchange), the effect of pH gradients across the vesicle Vesicles from two membrane preparations were examined by freeze-fracture electron microscopy. Orientation was determined by analysis of the particle density of the fracture faces from six replicas (45 photomicrographs).
on taurocholate uptake under Na+-equilibrated conditions was examined. Imposition of an inwardly directed proton gradient (Fig. 6) (28) . The initial rate of taurocholate uptake (Fig. 7) was highest when chloride, which NaCI GRADIENT (mM) FIGURE 5 Effect of sodium gradient on initial rate of taurocholate uptake. Vesicles loaded with 300 mM sucrose, 10 mM Hepes/KOH (pH 7.5), 0.2 mM CaC12, and 10 mM MgSO4 were incubated for 5 s in an extravesicular medium containing 1 MM [3H]taurocholic acid, 10 mM Hepes/KOH (pH 7.5), 10 mM MgSO4, and 0.2 mM CaC12 with the concentrations of NaCI shown, with sucrose added to maintain the same osmolarity. Each point is the mean±SD for five determinations from a single membrane preparation. The uptake of 1 MM taurocholate (at 10 s) was assessed in the presence of a 100-MM NaCl gradient or 100-mM KCI gradient with and without the addition of unlabeled inhibitors to the incubation media. The final concentration of each inhibitor was 100 MuM. The buffers were the same as for Fig. 4 ; n = 5 determinations.
transported into liver plasma membrane vesicles by an electrogenic process (enhanced by negative intravesicular potentials) (12 (Fig. 9 ). In the presence of an inwardly directed KC1 gradient, the initial rate of taurocholate uptake increased linearly with increasing taurocholate concentrations, consistent with passive diffusion of the bile acid into the vesicles. In contrast, uptake of taurocholate in the presence of a NaCl gradient was more rapid and curvilinear. Subtraction of the diffusional component of uptake (KCI gradient) from uptake in the presence of a NaCl gradient yields the Na+-dependent component, a rectangular hyperbola conforming to Michaelis-Menten saturation kinetics. The derived kinetic parameters consisted of a Km of 52±15 MM and a maximum velocity of 4.5±0.6 nmol * mg-'l protein -min-' (mean±SEM). FIGURE 8 Effect of valinomycin-induced potassium diffusion potentials on taurocholate (TC) uptake and L-alanine (ALA) uptake. Vesicles were loaded with 50 mM K gluconate, 200 mM sucrose, 10 mM Hepes/KOH (pH 7.5), 10 
DISCUSSION
According to current concepts of the mechanisms of bile formation (29, 30) , the primary driving force for taurocholate uptake into hepatocytes is the sodium gradient, which is generated by the activity of the basolateral enzyme, Na+,K+-ATPase (31). The present study provides direct evidence for this hypothesis and establishes that vesicles prepared from a liver membrane preparation highly enriched in the basolateral marker Na+,K+-ATPase contain a sodium-coupled transport mechanism for taurocholate. Furthermore, this coupled transport system is capable of uphill transport, as demonstrated by the overshoot phenomenon in the presence of an inwardly directed sodium gradient. No overshoot was observed in the absence of a sodium gradient (Na+ equilibrated) or when potassium, lithium, or choline gradients were substituted for sodium. Uptake of taurocholate in the presence of a K+ gradient was linear with increasing concentrations of taurocholate, suggesting a diffusion-dependent process. The finding of overshoots with both NaCl and Na-gluconate gradients is consistent with an active, sodium-coupled co-transport system. The mechanism appears to involve a directly coupled sodium-anion [TAUROCHOLATE] PM FIGURE 9 Kinetics of taurocholate uptake. Vesicles loaded with 300 mM sucrose, 10 mM Hepes/ KOH (pH 7.5), 10 mM MgSO4, 0.2 mM CaCl2 were incubated for 5 s in an extravesicular medium containing 10 mM Hepes/KOH (pH 7.5), 10 mM MgSO4, 0.2 mM CaC12, with [3HJtaurocholic acid in the concentrations indicated and either 100 mM NaCI or 100 mM KCI.
Each point represents the mean±SD for five membrane preparations. The dashed line is the sodium-dependent uptake generated by subtraction of the diffusional component (KCI gradient) from the uptake in the presence of a NaCl gradient. The kinetic parameters were generated from a nonlinear weighted, least-squares fit of the individual sodium dependent uptakes from each experiment to a rectangular hyperbola.
carrier, since uptake is not influenced by induced electrical potentials or by pH gradients. The latter finding rules out a Na+-H+ exchange mechanism with secondary bile acid-OH-exchange (10) . Other bile acids inhibited Na+-dependent taurocholate uptake, whereas BSP inhibited both Na+-dependent and Na+-independent uptake and D-glucose had no effect on uptake. These studies demonstrate carrier specificity. The kinetic data demonstrating saturability with respect to the anion (taurocholate) and the cation (Na+) and the finding of temperature dependence both support a carrier-mediated transport mechanism. These observations are also consistent with recent studies in isolated hepatocytes demonstrating that bumetanide and furosemide, compounds that inhibit sodium-coupled chloride transport in rectal gland tissue (32) and Na+-coupled K+ transport in avian erythrocytes (33) , inhibit the sodium-dependent uptake of taurocholate (9) . Altogether, these data provide compelling evidence in favor of the current model of bile formation in which Na+,K+-ATPase maintains a sodium gradient across the basolateral membrane and thereby provides the driving force for Na+-coupled uptake of bile acids by the hepatocyte.
Ruifrok and Meijer (34) and Inoue et al. (35) have also demonstrated a sodium-dependent transport system for taurocholate uptake into vesicles prepared from rat liver plasma membranes. The Km for taurocholate observed in our study of 52 MM is similar to the 56 MM reported by Inoue et al. (35) . Ruifrok and Meijer (34) reported a Km of 250 $M, but they utilized supraphysiological concentrations of taurocholate in their kinetics experiment, which may account for their higher Km. The Km for taurocholate in all of these vesicle studies is somewhat higher than the 19 ,uM reported by Schwarz et al. (8) , the 21 uM observed in our own laboratory (9) in isolated hepatocyte suspensions, and the 27 MM reported by Scharschmidt and Stephens (36) , using hepatocyte monolayers.
Our findings of an electroneutral transport mechanism differ from those of Ruifrok and Meijer (34) and Inoue et al. (35) , who found a relationship between anion permeability and taurocholate uptake in their preparations, suggesting electrogenic transport. However, Ruifrok and Meijer sampled later time points rather than initial rates in their anion substitution experiments. More importantly, in neither of these previous studies was direct assessment of the effect of alterations in transmembrane potential by ionophores, such as valinomycin on taurocholate uptake presented. The anion substitution and valinomycin data in the present study provide strong evidence for an electroneutral transport process, suggesting that the carrier co-transports sodium and taurocholate in a 1:1 ratio.
This observation is in agreement with the findings of Scharschmidt and Stephens (36) in cultured rat hepatocytes where 22Na and taurocholate were transported into hepatocytes in an equimolar ratio. The uptake of taurocholate into renal vesicles also has been shown to be electroneutral (37) . The effect of electrical potential on taurocholate transport in the ileum is also controversial. Rouse and Lack (38) reported electroneutral transport in guinea pig ileal membrane vesicles based on anion substitution data, whereas Lucke et al. (39) demonstrated electrogenic transport in rat ileal vesicles using anion substitution and valinomycin-induced diffusion potentials.
Although our anion substitution data clearly show no correlation between lipid permeability and uptake of taurocholate, the reason for the observed differences in uptake rates between the different anions remains to be explained. It is possible that the decrease in uptake seen with highly permeable anions such as thiocyanate is due either to co-transport of the anion with sodium, hereby producing a rapid dissipation of the sodium gradient, or to an interaction between the anions and the carrier or the membrane itself. No specific requirement exists for chloride however, as overshoots were also obtained with the relatively impermeant anion gluconate.
The carrier demonstrated specificity in that all of the bile acids tested inhibited taurocholate uptake, whereas D-glucose, a substance found not to be actively transported in the liver in vivo (40) , did not. Bile acids inhibited only the sodium-dependent portion of taurocholate uptake, whereas BSP inhibited both the sodium-dependent and sodium-independent uptake, suggesting different mechanisms of inhibition for bile acids and BSP. Although many studies have suggested separate carrier mechanisms for uptake of bile salts and BSP (27, 41) It is uncertain why taurocholate uptake was not enhanced when sodium ions were equilibrated across the vesicles compared with potassium-equilibrated conditions. Although an overshoot would not be expected in these ion-equilibrated experiments, most other sodium-coupled anion carriers demonstrate an increase in the initial rate of uptake in the presence of sodium reflecting a more rapid entry of the anion via the coupled carrier mechanism. It is possible that the high degree of binding of taurocholate (.50%) may have obscured small differences in initial rates of uptake under such conditions. Ruifrok and Meijer (34) using rat liver plasma membrane vesicles and Wilson et al. (37) using renal brush border membrane vesicles also failed to demonstrate enhancement of taurocholate uptake under Na+-equilibrated conditions. Few transport studies have been performed using liver plasma membrane vesicles. The most definitive to date are the demonstrations by Van Amelsvoort et al. (11) (12) (13) that rat liver sinusoidal membranes transport L-alanine by a sodium-coupled electrogenic process, a finding we have confirmed in the present study. In their later studies (13), Na+-dependent alanine transport appeared to correlate best with fractions enriched in Na+,K+-ATPase, and less well with liver plasma membranes enriched in canalicular membrane markers. Our own membrane preparation obtained from a low speed nuclear pellet by a modification of the Song et al. (15) procedure is probably more heterogeneous, as it is enriched in both sinusoidal and canalicular membrane markers. The method has the advantage of rapid preparation (4-5 h), so that loss of membrane transport processes is minimized. This membrane population contains fragments from mitochondrial and microsomal membranes, although it is only enriched in plasma membranes.
Electron microscopy of this preparation clearly demonstrates a heterogeneous population of vesicles, lateral cell membranes, and some intact canaliculi. Freeze-fracture photomicrographs demonstrated that most of the vesicles maintain the same orientation as that of the intact cell. Freeze fracture techniques have been used previously (18) to determine the orientation of brush border vesicles prepared from kidney cortex and small intestine. Recently Sips et al. (26) have reported similar studies for liver plasma membrane vesicles, indicating that the majority of vesicles are oriented right-side out. These findings are similar to our own and are in accord with a previous report by Higgins and Evans (45) , who found that >90% of rat liver plasma membrane vesicles prepared by a different technique are oriented right-side out, using an antiserum to the ectoenzyme 5'-nucleotidase.
Finally, preliminary studies from this laboratory using more highly purified sinusoidal and canalicular membrane vesicles confirm the present findings and support the concept that electroneutral sodium-coupled taurocholate uptake is occurring across the sinusoidal membrane (Meijer, P. J., and J. L. Boyer, unpublished observations). In addition, the orientation of the sodium gradient across the sinusoidal membrane Driving Forces for Taurocholate Uptake in Liver Plasma Membrane Vesicles corresponds to the direction of taurocholate transport into the cell, and, as already indicated, the kinetics of this process (Ki) are similar to findings in isolated cell suspensions and cultured hepatocytes. On the basis of morphometric studies (46) , the total basolateral surface area in the starting homogenate would be expected to be approximately seven times that of the canalicular membrane. Since our preparation is more enriched in basolateral markers (20-fold over homogenate) than in canalicular markers (10-15-fold over homogenate), the bulk of the vesicles are probably derived from the basolateral membrane domain.
